Alzheimer's disease (AD) is characterized by neuritic plaque formation, which is primarily composed of a small filamentous protein called amyloid-β peptide (Aβ). The rate-limiting step in the production of Aβ is the processing of Aβ precursor protein (APP) by a β-site APP-cleaving enzyme (BACE1). Hence, BACE1 activity plausibly plays a significant role in the generation of potentially toxic Aβ within brain and the development of AD, thereby making it an interesting drug target. A phase 2 trial of the promising LY2886721 inhibitor of BACE1 was suspended in June of 2013 by Eli Lilly and Company due to apparent liver toxicity. This outcome was apparently a surprise to the study's team, particularly since BACE1 knockout mice and mice treated with the drug did not show such liver toxicity. Lilly proposed that the problem was not due to LY2886721 anti-BACE1 activity. We offer an alternative hypothesis, whereby anti-BACE1 activity may induce apparent hepatotoxicity through inhibiting BACE1's processing of β-galactoside α-2,6-sialyltransferase I (STGal6 I). In knockout mice, paralogues, such as BACE2 or cathepsin D, could partially compensate. Furthermore, the short duration of animal studies and short lifespans of study animals could mask effects that would require several decades to accumulate in humans. Inhibition of hepatic BACE1 activity in middle-aged humans would produce effects not detectable in mice. In summary, we present a testable model to explain the offtarget effects of LY2886721 and highlight more broadly that so called off-target drug effects might actually represent off-site effects that are not necessarily off-target. Consideration of this concept in forthcoming drug design, screening and testing programs might prevent such failures in the future.
Introduction
Alzheimer's disease (AD) is the most common form of dementia in the elderly population of the United States [1] . AD is clinically characterized by a loss of cognition and memory, and this form of progressive dementia ultimately leads to changes in the patient's personality, incapacitation, and eventually loss of life. Major hallmarks of AD are deposits of amyloid plaques comprising mostly fibrillar amyloid beta (Aβ) peptide and neurofibrillary tangles comprising hyperphosphorylated tau [1] . Molecular mechanisms and environmental factors, including epigenetic and genetic, that underlie these pathological findings are still unclear [2] [3] . Current drug therapies exist for AD but mostly aim to treat the symptoms of this devastating disease. There is an urgent need for developing therapeutics to slow or potentially prevent the development of AD. In response, new therapeutic strategies and experimental drugs for AD are emerging [4] [5] [6] . Many clinical drug trials have been undertaken for AD; however, initial results have not been encouraging. Some of the issues with the clinical trial failures have recently been discussed [7] [8] [9] . Therefore, there is a need to better understand the biochemical and pathological mechanism of the disease, which in turn may shed light on reasons underlying these recent failures and guide improved drug design towards targets and clinical outcomes.
The present Perspective proposes a plausible explanation for the recent failure of an Eli Lilly BACE1 drug trial, and offers a testable model to explain the off-target effects of the drug, with a focus to learn lessons that would help prevent such failures in the future.
BACE1 as a relevant target for AD?
Neuropathologically, AD is characterized by the presence of amyloid-β (Aβ) peptide plaques in the hippocampus and cerebral cortex of the brain, which provides a primary diagnostic criterion of AD [1] . AD is believed to result from the dysregulation of the production and/or turnover of Aβ [10] . Hence, the β-site APP-cleaving enzyme 1 (BACE1), the rate-limiting enzyme in the pathway that produces Aβ peptide from the Aβ precursor protein (APP) [11] , is considered a promising target for the prevention or therapy of AD [12] .
BACE1 mRNAs are transcribed from a 30.6 kb region of chromosome 11q23.2-11q23.3 consisting of nine exons and eight introns [13] . BACE1 genomic structure and functional characterization reveals that both the promoter region, and 5'-and 3'-untranslated regions (UTR) are subjected to regulation [14] [15] [16] . Indeed, transcriptional regulation of BACE1 by p25/cdk5 leads to enhanced amyloidogenic processing [17] . Thus, changes in the activity of the promoter region could play an important role in regulating the level of BACE1 and accompanying activity in neurons [14] . By analogy, drug-based inhibition of the enzyme may have a similar effect as regulating promoter activity (i.e., changing the overall BACE1 activity level) and prove effective in treating AD. Production of Aβ from APP also involves the γ-secretase complex. However, inhibition of γ-secretase runs the risk of interfering in the broadly-implicated notch signaling pathway [18] . BACE1 knockout mice have not been reported to exhibit any dramatic ill effects over the course of their lifespan [19] , although less attention has been paid to reports of timidity and reduced exploratory behavior that accompanies BACE1 knockout [20] . Thus, assuming the validity of the amyloid hypothesis, drug-induced inhibition of BACE1 activity would appear to be an ideal anti-AD strategy.
Failure of a BACE1 inhibitor clinical trial
Unfortunately, a recent Phase 2 trial of the LY2886721 BACE1 inhibitor from Eli Lilly may have, at least temporarily, called this anti-AD strategy into question, due to signs of liver toxicity in test subjects [21] . Eli Lilly has stated that they believe this to be consequent to a secondary effect, unrelated to the drug's mechanism of action. At first blush, this is a reasonable conclusion. After all, BACE1 knockout mice are viable and grow to adulthood without obvious liver injury [19] . Of potentially greater interest, BACE1 knockout mice have a variety of what would be presumed to be indicators of superior health, including lower fat, greater insulin sensitivity, and higher levels of brown adipose tissue [22] . However, in light of the LY2886721 trial outcome, deeper examination of BACE1 activity on substrates other than APP may indicate mechanisms that require additional attention.
BACE1 catalyzes more than Aβ cleavage

Implications of BACE1 off-site inhibition: Aberrant spindle formation, demyelination and impaired motor coordination
In addition to APP processing, BACE1 plays an important role in other pathways. For example, peripheral nerves in newborn BACE1 knockout mice are thinly myelinated [23] [24] . In a recent study, researchers have reported that mice require BACE1 to form and sustain muscle spindles [25] . This study demonstrated that normal spindle function was impaired not only during development but also into adulthood in BACE1 knockout animals. They showed that BACE1 deficiency in adult mice impairs motor coordination. Movement defects arise from abnormal morphology and low numbers of muscle spindles. Interestingly, alike deficiencies developed in wild-type mice treated with a structurally different BACE1 inhibitor LY2811376, a Lilly agent that lowered Aβ within the cerebrospinal fluid of healthy volunteers. Lilly terminated development of this compound consequent to its toxic properties in rats [26] .
Spindle formation and maturation requires BACE1 processing of neuregulin 1 (Nrg1), a transmembrane protein that regulates myelination. BACE1 and the disintegrin and metalloproteinase ADAM10 have recently been described to cleave Nrg1 to generate a fragment that signals in a paracrine manner and rescues myelination in BACE1 knockout zebrafish [27] [28] .
Implications of BACE1 inhibition off-site: Liver damage or susceptibility or toxicity
In addition to its muscle tissue and neurological activity, BACE1 is the major enzyme that cleaves β-galactoside α-2,6-sialyltransferase I (ST6Gal I) within the liver [29] [30] . This generates a sialyl α-2,6-galactose residue, and the enzyme is secreted from the cell following proteolytic cleavage [31] . ST6Gal I cleavage is necessary for its secretion, and it is the secreted ST6Gal I that is active in glycoprotein sialylation in response to radiation stress. This protein modification is an essential step in resistance to radiation-induced cellular damage. Elimination of glycoprotein sialylation results in greater radiation-induced cytotoxicity [32] . BACE1 knockout mice have one third as much plasma ST6Gal I as control mice [30] .
Explaining the off-site but on-target results for BACE1 inhibitor BACE1 cleavage of APP in the brain and production of Aβ BACE1 activity on APP is a two-step process. APP protein is cleaved by BACE1, producing a secreted/soluble fragment of APP (sAPPβ) and C99 C-terminal fragment (CTF), which is further cleaved by the γ-secretase complex to release Aβ and the APP intracellular domain (AICD). The alternative APP processing pathway involves cleavage by α-secretase, producing a shorter, non-amyloidogenic P3 product, sAPPα, and C83 CTF. Notably, sAPPα is neurotrophic and may be implicated in "neuronal overgrowth" models of disorders such as autism [33] . However, APP is one of the major substrates of BACE1, among many others across different tissues.
Compensatory vs. toxic model
We propose a model for how inhibition of BACE1 might alter biology in the brain and liver based on these different threads of protein processing. In a normal human and in wild-type mice (Fig. 1A , Fig. 2A ), the brain would produce physiological levels of Aβ and sAPPβ by BACE1 activity. In the liver, ST6Gal I is processed by hepatic BACE1 activity to secreted ST6Gal I (sST6Gal1), which plays a vital role in resistance to cellular damage resulting from ionizing radiation exposure. This would include generation of reactive oxygen species (ROS), DNA damage, and other aberrations that are, as is general knowledge, also present as a consequence of aging. Thus by virtue of the presence of sST6Gal I in normal human (liver), the effect of ROS-mediated damage would be mitigated. In contrast, following inhibition of BACE1 activity by a small molecule inhibitor, such as Lilly compound LY2886721, in the human, we may expect that hepatic cellular damage to accumulate and result in liver injury (Fig. 1B) .
Specifically, we propose that adult human hepatocytes would rely on BACE1-cleavage of ST6Gal I and the resulting sialyltransferase activity. BACE1 inhibition by small molecule inhibitors would induce a rapid reduction in BACE1 activity without adequate levels of redundant pathways in place to appropriately compensate in the human, unlike in BACE1 knockout mice (described below). These adult human cells would likely have already amassed oxidative and other age-related damage (unlike in mice with a short lifespan) that would require basal ST6GalI activity to prevent hepatocyte injury. During acute inhibition of BACE1 activity by drug treatment, the sialylated glycoprotein levels would then be depleted, leading to accumulation of cellular damage with resultant liver toxicity in human (Fig. 1B) .
In the case of BACE1 knock-out mice, two factors potentially interfere with development of such injury. First, BACE1 knock-out mice begin their lives without a functional BACE1 gene, thereby allowing time during development for actions of functionally redundant paralogues, possibly BACE2 [34] or cathepsin D [35] , to compensate for the absence of BACE1 and permit apparently normal hepatic functions, albeit at reduced overall levels of ST6Gal I cleavage (Fig. 2B) . Second, a mouse, BACE1 knock-out or otherwise, is highly unlikely to live long enough to properly model the decades of cumulative damage or agerelated loss of cellular protectants, such as melatonin, in human subjects. There may even be different tissue-specific trajectories in mice vs. humans [36] [37] . For example, elderly human control subjects have been shown to have significantly decreased CSF melatonin levels, with an even greater decrement in AD patients. In contrast, aging mice have high melatonin levels in the brain [37] .
Even in non-knockout mice to which LY2886721 has been administered, the very short time period between birth and administration of the drug, combined with the short duration of most animal studies and the barrier conditions in which they are maintained, may be expected to reduced underlying burden of accumulated cellular damage compared to adult human subjects, such that inhibition of cleavage of STGal6 I by BACE1 may not have discernable toxic effects on the liver. We propose that acute global inhibition of BACE1 activity in adult humans, on the other hand, may result in apparent liver toxicity due to disrupted production of indispensable detoxification and cellular repair activities of sialylated glycoproteins (Fig. 1B) . Lilly has yet to publish results of the actions of LY2886721 on ST6Gal I processing in animals or human plasma that would indicate whether this proposed model might explain the hepatotoxicity observed in their phase 2 trial.
Evidence for the off-site but on-target effects of BACE1
We have examined known expression patterns, available from the Human Protein Atlas [38] , for BACE1, APP and ST6Gal I. Normal tissue expression levels were cross-indexed for these proteins, and tissues in which expression was ranked at "Moderate" or "High" (on a scale of "None" < "Low" < "Moderate" < "High") for BACE1 and APP or ST6Gal I were recorded. In addition, this analysis was performed substituting BACE2 and CTSD (Table 1) . Interestingly, we noticed that there is very little overlap between BACE1+APP and BACE1+ST6Gal I cross-indexed expression, with it only occurring in the glandular cells of the epididymis and the adrenal glands. Notably, this pattern is closely matched with BACE2 or CTSD. This supports the notion that on-target inhibition of BACE1 could have highly disparate effects in different organ systems, including those sites where targeting was not intended.
Alternative explanation for unwanted effects of BACE1 inhibition
We recognize the fact that drug-induced liver toxicity is the most common cause of hepatic dysfunction, of drug failures during clinical trials and post-market withdrawal of an approved drug [39] , and is usually due to the chemical structure of a particular experimental drug rather than the therapeutic target.
A primary function of the liver is to metabolize foreign compounds and hence it is often the principal site of exposure to toxins. Hepatic metabolism of drugs involves their biotransformation to facilitate their elimination, with the majority of chemical modifications being red-ox reactions, catalyzed by P450 enzymes (Phase I), and conjugation ones with endogenous agents (glutathione, glucuronate or sulfate: Phase II) to generate non-toxic metabolites that can be excreted in urine or bile. Albeit considered a detoxification process, drug biotransformation of specific chemical structures can result in bioactivation and, by various mechanisms, induce hepatocyte injury [40] . Comprehensive analyses of bioactivation pathways of organic functional groups are available [41] . As examples among many, quinones may potentially cause toxicity via ROS formation [42] , as may quinone imines (generated by the twoelectron oxidation of ortho -and para -aminophenols) [43] exemplified by the metabolism of acetaminophen, indomethicin and the anti-malerial drug amodiaquine that can result in dosedependent hepatotoxicity and, for the latter, other toxicities too [40] . Hence, a balance between detoxification, bioactivation and a host of defense/repair mechanisms ultimately determines whether or not a drug will elicit a toxic effect. Consequently, the relationship between bioactivation and hepatotoxicity is a far from simple one [44] [45] and can result in drug withdrawal or a FDA boxed warning when toxicity occurs at therapeutic doses, or a lack of hepatotoxicity as occurs with therapeutic doses of acetaminophen -but overdose leading to hepatocyte dysfunction and death [46] . Therefore, our Perspective assumes significance by proposing an alternative model of liver toxicity, based on a scientific hypothesis that is testable and capable to stimulate further relevant research.
In addition to our hypothesis, alternative explanations are also worth evaluating. For example, one could invoke idiosyncratic drug-induced liver injury (IDILI). Recentlypublished reviews place its frequency at 19 per 100,000 treated individual [47] , and IDILI can manifest in multiple fashions. It accounts for up to 13% of acute liver failure in the United States. IDILI is unpredictable in nature, has a poorly understood pathogenesis, but several factors including genetic, epigenetic, and metabolism variation are known to contribute to its likelihood [47] [48] [49] . In general, it results in the over/under expression of drug metabolizing enzymes, a different drug metabolism pattern, and ultimately in the abnormal generation of a toxic metabolite that has dose-dependent action in vulnerable individuals [50] . IDILI can additionally be elicited by the induction of an autoimmune response by commercial pharmaceuticals or traditional "herbal" treatments [50] [51] . However, their relative rarity means that they usually escape being detected in preclinical assessments and clinical trials [50] . Currently available data from the Lilly study does not answer which, if either, of these hypotheses actually explains the observed liver damage. From the viewpoint of commercial success, an idiosyncratic event would be highly preferable to a previously unconsidered off-site drug effect. However, it is reasonable to keep in mind testing each of them in turn, if necessary, and pre-excluding neither.
Alternative therapeutic strategies for the on-site effect of BACE1 inhibition
If liver injury is, indeed, a consequence of acute global reduction in BACE1 activity, alternative therapeutic strategies would be required to circumvent this problem. BACE1 inhibitors that selectively target the CNS are one possibility, although the technology to achieve this has yet to be developed. Therapeutic windows may exist for some small molecule inhibitors for which moderate global inhibition of BACE1 may be found to be clinically effective without inducing liver injury. Strategies to selectively inhibit BACE1 expression levels represent an additional possibility. Exogenous delivery of siRNA directed against BACE1 is one example worth exploring. However, intravenously delivered siRNA are generally sequestered by the liver, spleen, kidney, pancreas and bone marrow [52] , potentially exacerbating hepatotoxic effects of BACE1 knockdown. However, preclinical studies have also demonstrated that BACE1 siRNA can be selectively targeted to the CNS using RVG-tagged exosomal delivery [53] .
Exogenous delivery of microRNA (miRNA) is an alternative possibility. MiRNA are endogenously expressed 18-26 nucleotides small RNA species that predominantly act to downregulate expression of target transcripts [54] . Furthermore, several miRNAs have been shown to be implicated in cancer and neurodegenerative disorders [55] [56] . Indeed, specific miRNAs, such as miR-101 and miR-153, regulate APP expression and are dysfunctional in AD brain [57] [58] . Notably, miR-339-3p has recently been shown to regulate BACE1 expression in human brain cultures [59] . Interestingly, endogenous expression of miRNA varies among different cell types and tissues. The endogenous expression pattern of miRNA could be exploited to selectively reduce BACE1 expression in the CNS. Systemic delivery of a BACE1-targeting miRNA would be expected to have a more dramatic effect on BACE1 expression in tissues with naturally low endogenous expression levels. Therefore, a BACE1-targeting miRNA with high endogenous levels in the liver and low endogenous levels in the brain would be expected to have a more potent inhibiting effect on brain BACE1 expression, particularly if localized delivery was accomplished (potentially intra-nasally).
Limitations of data from animal models and Closing Remarks
The failed trial of LY2886721 illustrates the limitations of data from animal models when evaluating the actions of acute enzyme inhibition in older human subjects. Indeed, caution should be used when testing the suitability of drug candidates for AD using animal model paradigms, such as knockout mice or short-term drug treatment designs. The short lifespan of these animals maintained in barrier conditions could mask possible toxic effects of drugs that would only reveal themselves when tested in human subjects with AD that has developed over decades with the influence of environment, diet and lifestyle playing an important role [60] [61] . We do not claim that our proposed model necessarily explains the setback in the LY2886721 trial, but it does suggest that it may be imprudent to dismiss, so confidently, primary drug activity out-of-hand as a problematic factor. We should point out that our model and opinion are based only on the published literature and available data; and unfortunately, we do not have access to confidential Lilly safety data either from the Company or FDA.
Indeed, our hypothesis equally applies to other BACE1/2 inhibitors, either completed, contemplated or ongoing. We have taken merely the Lilly compound as an example, which passed Phase I but not the Phase II clinical trials, the latter generally being of substantially longer duration. Merck & Co has recently presented positive clinical results with its BACE inhibitor for AD [62] . The data was early stage arising from a phase Ib (7 day) study. It confirmed that MK-8931 reduced cerebrospinal fluid (CSF) levels of Aβ in patients with mild-to-moderate AD. Merck has also started a larger phase II/III study of MK-8931 in AD patients -called EPOCH (to enroll up to 1960 subjects with a treatment duration of up to 78 weeks [63]), with the potential to expand into pivotal trial if early safety and efficacy objectives are met. Other BACE inhibitors coming through the clinical pipeline for AD include Eisai's E2609, Roche's RG7129 and AstraZeneca's AZD3293, all of which are in early-stage evaluation. We are uncertain whether these Companies, which are currently engaged in multiple-dose clinical trials, are testing their drugs in our alternative model described herein, including the activity measurement of STGal6 I in liver.
In summary, our proposed "Compensatory vs. toxic model" also suggests therapeutic alternatives by which toxicity could potentially be excluded. Likewise many drugs' so called "off-target" effects could be checked for "off-site" effects, which are not necessarily offtarget. A similar caution should be taken in using genetic animal models, such as knockout mice, and/or short-term treatment in short-lived mice, as they may not reveal the toxic effects of drugs tested in human with AD or an alike disease that takes over six decades to develop with environment, diet and lifestyle playing important roles.
In synopsis, we encourage the evaluation of BACE1/2 inhibitors for not only on-target actions (such as BACE1 inhibition in the CNS) but also non-structural off-targets ones that are not necessarily off-BACE (such as BACE1 inhibition on STGal6 I and other substrates in liver and other tissues). The message is not only a lesson learnt from the recent clinical trial failures but also its application to the on-going trials.
Fig. 1. Effects of Altering BACE1 (β-Secretase) Activities in Human Brain and Liver by Drug Inhibition
A) Normal Human BACE1 activity. BACE1 in brain processes amyloid precursor protein (APP, red) at the β-cleavage site, producing a secreted/soluble form of APP, sAPPβ. This is followed by cleavage in the cell membrane by γ-secretase complex to produce Aβ (black) and βCTF (white). The predominant APP processing pathway is, however, by α-secretase, which produces sAPPα, P3 fragment, and αCTF. In liver, BACE1 is the primary enzyme catalyzing cleavage of β galactoside α2,6-sialyltransferase (ST6Gal I, blue) into secreted ST6GAL I (sST6Gal I) and other products. The sST6Gal I sialylates appropriate proteins, resulting in reduction of reactive oxidizing species (ROS) and other age and environmentrelated damage. ROS/environmental damage need not be extracellular to be effected by sialylated proteins. Paralogous activity from BACE2 or CTSD (stippled light green), while present, would be directed towards other physiological processes. B) Effects of sudden organism-wide reduction of BACE1 activity in adult humans. Drugs administered late in life should immediately reduce BACE1 activity in both brain and liver. In brain, BACE1 processing of APP becomes sufficiently infrequent that little to no Aβ or sAPPβ are produced, while α-secretase is unchanged. In liver, sudden depletion of BACE1 enzymatic activity results in severe reduction or even loss of ST6Gal I processing, ultimately combining with accumulated environmental damage to produce an apparently "toxic" result. The loss of BACE1 activity is not properly compensated for by potential paralogues due to the abrupt nature of BACE1 inhibition.
Fig. 2. Effects of BACE1 Knockout on BACE1 β-Secretase Activities in Mouse Brain and Liver
A) Wild-type mouse BACE1 activity. BACE1 (green) in brain processes amyloid precursor protein (APP, red) at the β-cleavage site, producing a secreted/soluble form of APP, sAPPβ. This is followed by cleavage in the cell membrane by γ-secretase complex to produce Aβ (horizontal line fill-wild-type mouse Aβ differs from human) and βCTF (white). The predominant APP processing pathway in mice is, however, by α-secretase, which produces sAPPα, P3 fragment (gray stipple), and αCTF. In liver, BACE1 is the primary enzyme catalyzing cleavage of β galactoside (ST6Gal I, blue) into secreted ST6GAL I (sST6Gal I) and other products. The sST6Gal I sialylates appropriate proteins, resulting in reduction of reactive oxidizing species (ROS) and other age and environment-related damage. ROS/ environmental damage need not be extracellular to be effected by sialylated proteins. Paralogous activity from BACE2 or CTSD (stippled light green), while present, would be directed towards other physiological processes. B) Effects of lack of BACE1 activity in knockout mice. In BACE1 knockout mice, β-secretase activity in brain is lacking. No Aβ is produced from processing of APP. The α-secretase pathway would still function along with γ-secretase to produce sAPPα, P3, and αCTF. However, given the absence of BACE1 during the plastic period of embryonic development, compensatory upregulation of paralogues such as BACE2 or CTSD (solid light green) occurs leading to sufficient cleavage of ST6Gal I (up to one third of normal total activity) to allow for normal hepatic function. Given the compensation and short lifespan, the knockout mouse shows no apparent toxicity due to unremediated environmental effects. 
